For this assignment, a newer technique of fracture mechanics using a phase field approach, will be examined and compared with experimental data for a bend test and a tension test.
Background
As fracture mechanics plays a key role in engineering design and analysis, it is an important topic with extensive research currently proceeding. Most methods of modeling fracture are done using finite element method and are based off of different techniques. Several techniques are based off of Griffith's linear elastic brittle fracture, which is modeled using the energy release rate. Essentially, once the energy release rate hits a critical value, the crack is able to grow or propagate further. Another more recent method is the use of extended finite element methods (XFEM). However, both of these methods treat the crack discretely.
The proposed phase field approach differs from these methods as it takes a small piece of the crack boundary, smooths it, and then approximates the fracture surface [1] [4] [5] . It uses a diffusive crack approach instead of modeling the discontinuities of the crack. The diffusive crack zone is determined by a scalar variable that interpolates between either the broken or unbroken state of the material. The phase field variable will take the value 0 inside the crack surface and 1 away from the crack surface, therefore this variable, c, is only on the set Within the formulation for the phase field, there are constraints that restrict the crack from translating, but allow it to extend, branch, and merge.
Two of the proposed benefits of this approach are that the crack no longer has to follow element edges and can propagate freely and that the solution will eventually converge, whereas with previous methods, mesh refinement will only create higher and higher stress at the crack tip while not necessarily converging.
Phase Field Formulation
The current formulation for the method of phase field fracture is based off of brittle fracture.
There is, however, currently another method being developed which will also include ductile materials. In order for this model to work, the assumption of small deformations is taken, and strain tensor is defined as:
The linear elastic energy density is:
and the total potential energy of a body with a crack is:
where Ω is the body and Γ is the crack discontinuity surface.
There is a length scale parameter, l, which determines essentially the area of the crack "smear". This comes in as the phase field is approximated as:
When expanding to multi-dimensional solids the phase field approximation becomes the minimization problem:
where:
and:
∇c is the spatial gradient.
Going back to the fracture energy, G c , it can be approximated as:
Once damage beings to occur, there is essentially a loss of stiffness in the material. This loss in stiffness represents the model experiencing crack propagation and separation in the material. This stiffness loss is limited to the failure zone and approximates the fracture surface, which physically isn't there because the elements do not actually break or disappear.
This loss of stiffness is input in the elastic energy and is given by:
Effect of Length Scale
The length scale plays a key role in determining the phase field approximation. The basic idea is that as the length scale approaches zero, the crack turns into the sharp crack topology (B is Ω and d is c). It can be seen that as the length scale is reduced to close to zero, the sharp crack topology is almost achieved. For this project, a length scale is chosen to be approximately 2-3 times the length of the smallest element size of the mesh. For most existing models, an initial crack must be modeled as well for it to be able to capture the crack and damage propagation. The phase field model developed in Sierra, however, is able to find the crack location, initialize the crack, and propagate forward. The model and mesh creation will be shown next, followed by the comparison of the results to the test data. 
Model Creation
The model was created using Cubit, a meshing tool also developed at Sandia Labs. The test specimen that the data was obtained for had the dimensions 40mm x 4mm x 3mm, a
Young's modulus 70 GPa, and Poisson's ratio 0.3. A solid beam was created with no initial crack. The mesh had a slight refinement towards the middle, but it is found that the test 8 results are mostly mesh independent, so no extreme refinement needed to be performed.
At first all three rollers were modeled with contact between them and the beam. However, once the simulations started, the load roller was causing large amounts of noise in the force, essentially vibrating the beam. This is most likely due to the fast time periods seen during the test. Therefore, to work around this problem, instead of a force in the roller moving downwards onto the surface, a pressure was applied directly to the surface at the center.
This greatly minimized the noise and still applied the correct loading. The two bottom rollers are fixed in all three directions and the beam is fixed in the out-of-plane direction. Three separate meshes were used and the results compared. The information about each mesh is provided below. The values needed for the phase field simulation are found using:
The parameters for each mesh are provided in the table below. 
Results
The results that will be used are the total loads to failure. This is described as the "break load" in the test data. This is the point where the crack first gets initiated. Under these conditions, once the crack is initiated, it propagates rapidly through the entire specimen in complete fracture.
In the finite element model this value is obtained by summing the total force on all the nodes of the two support rollers at every time step. In order to reduce the noise in the response, a slight filter is used and the force can be seen easier as it progresses over time. This is shown in Fig. 8 . 
Axial Tension Test
In order to further test the phase field fracture method on brittle materials, a Double Edge Notch Tension (DENT) test is modeled. Test data was found online in a school report that performed the test on both ductile and brittle steel [2] . The model will be compared to the results of the brittle test. A tension test like this is very common in engineering and materials science to understand how material behave under pure tension. The experiment performed was under displacement control of .002 in/min. The material used in the experiment is 1090 cold drawn and annealed brittle steel. 
Model Creation
The dimensions of the test specimen are 2" x 2" x 0.125". The modulus of elasticity is 2.9e7 psi. The full mesh is shown in the figure below. However, due to symmetry, boundary conditions are applied that reduce the model. Only the top half of the model is used, and the bottom surface is then fixed in the vertical and out-of-plane directions. The load is then applied to the top surface as a pressure. Although this isn't the same displacement control as the experiment, it provides the correct conditions. When displacement control was used, some numerical errors were present and there was not sufficient time to discover the source and fix these errors. 
Results
From the data obtained online, the ultimate load of the brittle notched plate will be used.
This value is found to be 15,700 lbs. Therefore, with the model created, as the load is applied to the top surface, the total reaction force in the body is recorded. This value will continue to rise until the stiffness loss takes effect after damage occurs. At this point, the reaction force will drop. The force when this drop occurs will be taken as the ultimate load. Throughout this project, several problems were encountered. The next section will discuss how an attempt at modeling a 4 point bend was performed, but dynamics played a role in this model and misdirected the solution. There was also a second issue when attempting to model a charpy impact test when contact is involved.
Dynamics Involved with 4 Point Bend
Before a 3 point bend test was modeled to match the test data, a 4 point bend test was used. The mesh used is shown here. 
Contact Issue with Charpy Impact Test
An attempt was made to model and match test data for a charpy impact test [3] . The model used is shown below. The force of the striker is being measured and compared to the experimental data. The model seems to begin working correctly as it bends in the elastic range and the phase field begins to form at the notch tip. However, once the fracture begins, some type of dynamics or vibration is induced into the striker and the reaction force begins to oscillate. 
Conclusions and Future Work
Overall, using the phase field method incorporated into Sierra Mechanics software was successful and accurate. Besides the problems mentioned previously, the method was able to match solutions for two fracture mechanics experiments, one with an initial crack and one without an initial crack.
It was observed how sensitive the solution can be to the phase field parameters and for model prediction these parameters would have to be chosen very carefully.
